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CAMERA INCLUDING TWO LIGHT
FOLDING ELEMENTS

BACKGROUND

[0001] This application claims benefit of priority to U.S.
Provisional Application No. 62/877,267, filed Jul. 22, 2019,
titled “Camera Including Two Light Folding Elements”,
which is hereby incorporated by reference in its entirety.

TECHNICAL FIELD

[0002] This disclosure relates generally to camera sys-
tems, and more specifically to small form factor camera and
lens systems.

DESCRIPTION OF THE RELATED ART

[0003] The advent of small, mobile multipurpose devices
such as smartphones and tablet or pad devices has resulted
in a need for high-resolution, small form factor cameras that
are lightweight, compact, and capable of capturing high
resolution, high quality images at low F-numbers for inte-
gration in the devices. However, due to limitations of
conventional camera technology, conventional small cam-
eras used in such devices tend to capture images at lower
resolutions and/or with lower image quality than can be
achieved with larger, higher quality cameras. Achieving
higher resolution with small package size cameras generally
requires use of a photosensor with small pixel size and a
good, compact imaging lens system. Advances in technol-
ogy have achieved reduction of the pixel size in photosen-
sors. However, as photosensors become more compact and
powerful, demand for compact imaging lens systems with
improved imaging quality performance has increased. In
addition, there are increasing expectations for small form
factor cameras to be equipped with higher pixel count and/or
larger pixel size image sensors (one or both of which may
require larger image sensors) while still maintaining a mod-
ule height that is compact enough to fit into portable
electronic devices. Thus, a challenge from an optical system
design point of view is to provide an imaging lens system
that is capable of capturing high brightness, high resolution
images under the physical constraints imposed by small
form factor cameras.

SUMMARY OF EMBODIMENTS

[0004] Embodiments of the present disclosure may pro-
vide a folded camera that may, for example, be used in small
form factor cameras. Embodiments of a folded camera are
described that include two light folding elements (e.g., two
prisms, or one prism and a mirror) and a lens system located
between the two light folding elements. The camera may be
a telephoto camera. The lens system may be independent
from the light folding elements. The lens system may
include an aperture stop and lens elements with refractive
power mounted in a lens barrel. The light folding elements
and lens system may collectively be referred to as an optical
system. Either two prisms or one prism and a mirror provide
a “folded” optical axis for the camera, for example to reduce
the Z-height of the camera. The lens system includes a lens
stack including multiple refractive lens elements mounted in
a lens barrel, and an aperture stop positioned between a front
surface of a first refractive lens element (located on an object
side of the lens system) and a front surface of a second
refractive lens element of the lens system. In some embodi-
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ments, the lens stack includes only four refractive lens
elements. In other embodiments, the lens stack includes only
five refractive lens elements. The first light folding element
(a prism) redirects light from an object field from a first axis
(AX 1) to the lens system on a second axis (AX 2). The lens
elements in the lens stack receive the light through the
aperture stop and refract the light to the second light folding
element (e.g., another prism or a mirror) that redirects the
light onto a third axis (AX 3) on which a photosensor of the
camera is disposed. The redirected light forms an image
plane at or near the surface of the photosensor.

[0005] The shapes, materials, and arrangements of the
refractive lens elements in the lens stack may be selected to
capture high resolution, high quality images. Parameters and
relationships of the lenses in the lens stack, including but not
limited to lens shape, thickness, geometry, position, mate-
rials, spacing, and the surface shapes of certain lens ele-
ments, may be selected at least in part to reduce, compen-
sate, or correct for optical aberrations and lens artifacts and
effects across the field of view. In some embodiments,
arrangements of power distribution, lens shapes, prism form
factors, and lens materials may be selected to ensure that
embodiments of the lens system provide low F-number (e.g.,
<=3.5, such as in a range of 2.8 to 3.5), 4~6x optical zoom
(e.g., 5x optical zoom), and high resolution imaging.
[0006] The lens system may be configured in the camera
to move on one or more axes independently of the prism
(s)/mirror(s). The camera may include an actuator compo-
nent configured to move the lens system on (parallel to) the
second axis (AX 2) relative to and independently of the
prisms to provide autofocus functionality for the camera. In
some embodiments, the actuator may instead or also be
configured to move the lens system on one or more axes
perpendicular to the second axis (AX 2) relative to and
independently of the prism(s)/mirror(s) to provide optical
image stabilization (OIS) functionality for the camera. In
some embodiments, one or both of the light folding elements
(e.g., prism(s) and/or mirror) may be translated with respect
to the second axis (AX 2) independently of the lens system
and/or tilted with respect to the second axis (AX 2) inde-
pendently of the lens system, for example to provide OIS
functionality for the camera or to shift the image formed at
an image plane at the photosensor.

[0007] In some embodiments, such as when the second
light folding element is a prism, the lens system may include
a lens stack having four lens elements with refractive power,
in order from an object side to an image side: a first lens
element with positive refractive power for converging light
and an aspheric shape to correct spherical aberration, having
an Abbe number that is greater than 50; a second lens
element with negative refractive power and a meniscus
shape to correct field curvature, having an Abbe number that
is less than 30; a third lens element with a meniscus shape
and having a concave object-side surface in a paraxial region
and a convex image-side surface in the paraxial region; and
a fourth lens element with a meniscus shape.

[0008] In some embodiments, such as when the second
light folding element is a mirror, the lens system may
include a lens stack having four lens elements with refrac-
tive power, in order from the object side to the image side:
a first lens element with positive refractive power for
converging light and an aspheric shape to correct spherical
aberration, having an Abbe number that is greater than 50;
a second lens element with negative refractive power and a
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meniscus shape to correct field curvature, having an Abbe
number that is less than 30; a third lens element with a
meniscus shape and having a concave object-side surface in
a paraxial region and a convex image-side surface in the
paraxial region; and a fourth lens element with refractive
power.

[0009] In some embodiments, such as when the second
light folding element is a prism, the lens system may include
a lens stack having five lens elements with refractive power,
in order from the object side to the image side: a first lens
element with positive refractive power for converging light
and an aspheric shape to correct spherical aberration, having
an Abbe number that is greater than 50; a second lens
element with negative refractive power, having an Abbe
number that is less than 30; a third lens element with a
meniscus shape and having a convex object-side surface in
a paraxial region and a concave image-side surface in the
paraxial region, to correct field curvature and astigmatism;
a fourth lens element with refractive power; and a fifth lens
element with refractive power, having a meniscus shape in
the paraxial region and/or having an aspheric form for both
the object-side surface and the image-side surface.

[0010] In some embodiments, such as when the second
light folding element is a mirror, the lens system may
include a lens stack having five lens elements with refractive
power, in order from the object side to the image side: a first
lens element with positive refractive power for converging
light and an aspheric shape to correct spherical aberration,
having an Abbe number that is greater than 50; a second lens
element with negative refractive power, having an Abbe
number that is less than 30; a third lens element with a
meniscus shape and having a convex object-side surface in
a paraxial region and a concave image-side surface in the
paraxial region, to correct field curvature and astigmatism;
a fourth lens element with refractive power; and a fifth lens
element with refractive power, having a meniscus shape in
the paraxial region and/or having an aspheric form for both
the object-side surface and the image-side surface.

[0011] An aperture stop may be located in the lens system
for controlling the brightness of the camera. The aperture
stop may be positioned between a front surface of a first
refractive lens element located on an object side of the lens
system and a front surface of a second refractive lens
element of the lens system. Note that the power order, shape,
or other optical characteristics of the refractive lens elements
may be different in some embodiments, and some embodi-
ments may include more or fewer refractive lens elements.
In some embodiments, the folded camera may include an
infrared (IR) filter to reduce or eliminate interference of
environmental noise on the photosensor. The IR filter may,
for example, be located between the second light folding
element (e.g., a second prism or a mirror) and the photo-
sensor.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIG. 1A illustrates components of a folded camera
with two light folding elements and an independent lens
system, according to some embodiments.

[0013] FIG. 1B illustrates movements of the lens system
relative to the light folding elements in a camera as illus-
trated in FIG. 1A, according to some embodiments.

[0014] FIG. 2 is a cross-sectional illustration of a first
example of a folded camera having four refractive lens
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elements in the lens system and a prism as the second light
folding element, according to some embodiments.

[0015] FIG. 3 is a diagram illustrating a first example of a
lens system that includes four refractive lens elements to be
positioned between a first light folding element (a first
prism) and a second light folding element (a second prism),
according to some embodiments.

[0016] FIG. 4A is a graph illustrating a modulation trans-
fer function (MTF) for a lens system as illustrated in FIG. 3
at infinity conjugate.

[0017] FIG. 4B shows longitudinal spherical aberration,
astigmatic field curves, and distortion for a lens system as
illustrated in FIG. 3 at infinity conjugate.

[0018] FIG. 5A is a graph illustrating a modulation trans-
fer function (MTF) for a lens system as illustrated in FIG. 3
at macro conjugate.

[0019] FIG. 5B shows longitudinal spherical aberration,
astigmatic field curves, and distortion for a lens system as
illustrated in FIG. 3 at macro conjugate.

[0020] FIG. 6 is a cross-sectional illustration of a second
example of a folded camera having four refractive lens
elements in the lens system and a mirror as the second light
folding element, according to some embodiments.

[0021] FIG. 7 is a diagram illustrating a second example
of a lens system that includes four refractive lens elements
to be positioned between a first light folding element (a
prism) and a second light folding element (a mirror), accord-
ing to some embodiments.

[0022] FIG. 8A is a graph illustrating a modulation trans-
fer function (MTF) for a lens system as illustrated in FIG. 7
at infinity conjugate.

[0023] FIG. 8B shows longitudinal spherical aberration,
astigmatic field curves, and distortion for a lens system as
illustrated in FIG. 7 at infinity conjugate.

[0024] FIG. 9A is a graph illustrating a modulation trans-
fer function (MTF) for a lens system as illustrated in FIG. 7
at macro conjugate.

[0025] FIG. 9B shows longitudinal spherical aberration,
astigmatic field curves, and distortion for a lens system as
illustrated in FIG. 7 at macro conjugate.

[0026] FIG. 10 is a cross-sectional illustration of a third
example of a folded camera having five refractive lens
elements in the lens system and a prism as the second light
folding element, according to some embodiments.

[0027] FIG. 11 is a diagram illustrating a third example of
a lens system that includes five refractive lens elements to be
positioned between a first light folding element (a first
prism) and a second light folding element (a second prism),
according to some embodiments.

[0028] FIG. 12A is a graph illustrating a modulation
transfer function (MTF) for a lens system as illustrated in
FIG. 11 at infinity conjugate.

[0029] FIG. 12B shows longitudinal spherical aberration,
astigmatic field curves, and distortion for a lens system as
illustrated in FIG. 11 at infinity conjugate.

[0030] FIG. 13A is a graph illustrating a modulation
transfer function (MTF) for a lens system as illustrated in
FIG. 11 at macro conjugate.

[0031] FIG. 13B shows longitudinal spherical aberration,
astigmatic field curves, and distortion for a lens system as
illustrated in FIG. 11 at macro conjugate.

[0032] FIG. 14 is a cross-sectional illustration of a fourth
example of a folded camera having five refractive lens
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elements in the lens system and a mirror as the second light
folding element, according to some embodiments.

[0033] FIG. 15 is a diagram illustrating a fourth example
of'a lens system that includes five refractive lens elements to
be positioned between a first light folding element (a prism)
and a second light folding element (a mirror), according to
some embodiments.

[0034] FIG. 16A is a graph illustrating a modulation
transfer function (MTF) for a lens system as illustrated in
FIG. 15 at infinity conjugate.

[0035] FIG. 16B shows longitudinal spherical aberration,
astigmatic field curves, and distortion for a lens system as
illustrated in FIG. 15 at infinity conjugate.

[0036] FIG. 17A is a graph illustrating a modulation
transfer function (MTF) for a lens system as illustrated in
FIG. 15 at macro conjugate.

[0037] FIG. 17B shows longitudinal spherical aberration,
astigmatic field curves, and distortion for a lens system as
illustrated in FIG. 15 at macro conjugate.

[0038] FIG. 18 is a flowchart of a method for capturing
images using embodiments of a camera as illustrated in
FIGS. 1A through 15, according to some embodiments.
[0039] FIGS. 19A-19C illustrate a mobile device with a
camera module having a folded camera with two light
folding elements and an independent lens system, according
to some embodiments.

[0040] FIG. 20 illustrates an example computer system
that may be used in embodiments.

[0041] This specification includes references to “one
embodiment” or “an embodiment.” The appearances of the
phrases “in one embodiment” or “in an embodiment” do not
necessarily refer to the same embodiment. Particular fea-
tures, structures, or characteristics may be combined in any
suitable manner consistent with this disclosure.

[0042] “Comprising.” This term is open-ended. As used in
the appended claims, this term does not foreclose additional
structure or steps. Consider a claim that recites: “An appa-
ratus comprising one or more processor units . . . . Such a
claim does not foreclose the apparatus from including addi-
tional components (e.g., a network interface unit, graphics
circuitry, etc.).

[0043] “Configured To.” Various units, circuits, or other
components may be described or claimed as “configured to”
perform a task or tasks. In such contexts, “configured to” is
used to connote structure by indicating that the units/
circuits/components include structure (e.g., circuitry) that
performs those task or tasks during operation. As such, the
unit/circuit/component can be said to be configured to
perform the task even when the specified unit/circuit/com-
ponent is not currently operational (e.g., is not on). The
units/circuits/components used with the “configured to”
language include hardware—for example, circuits, memory
storing program instructions executable to implement the
operation, etc. Reciting that a unit/circuit/component is
“configured to” perform one or more tasks is expressly
intended not to invoke 35 U.S.C. § 112, sixth paragraph, for
that unit/circuit/component. Additionally, “configured to”
can include generic structure (e.g., generic circuitry) that is
manipulated by software and/or firmware (e.g., an FPGA or
a general-purpose processor executing software) to operate
in manner that is capable of performing the task(s) at issue.
“Configure t0” may also include adapting a manufacturing
process (e.g., a semiconductor fabrication facility) to fabri-
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cate devices (e.g., integrated circuits) that are adapted to
implement or perform one or more tasks.

[0044] “First,” “Second,” etc. As used herein, these terms
are used as labels for nouns that they precede, and do not
imply any type of ordering (e.g., spatial, temporal, logical,
etc.). For example, a buffer circuit may be described herein
as performing write operations for “first” and “second”
values. The terms “first” and “second” do not necessarily
imply that the first value must be written before the second
value.

[0045] “Based On.” As used herein, this term is used to
describe one or more factors that affect a determination. This
term does not foreclose additional factors that may affect a
determination. That is, a determination may be solely based
on those factors or based, at least in part, on those factors.
Consider the phrase “determine A based on B.” While in this
case, B is a factor that affects the determination of A, such
a phrase does not foreclose the determination of A from also
being based on C. In other instances, A may be determined
based solely on B.

DETAILED DESCRIPTION

[0046] Embodiments of a folded camera are described that
include two light folding elements (e.g., two prisms or one
prism and a mirror) and a lens system located between the
two light folding elements. The folded camera may be a
telephoto camera. The lens system may be independent from
the light folding elements. The lens system includes an
aperture stop and lens elements with refractive power
mounted in a barrel. The light folding elements and lens
system may collectively be referred to as an optical system.
FIG. 1A illustrates components of a folded camera 100 with
a first light folding element 141 (a prism) and a second light
folding element 142 (e.g., another prism or a mirror), and an
independent lens system 110, according to some embodi-
ments. The light folding elements 141 and 142 provide a
“folded” optical axis for the camera 100, for example to
reduce the Z-height (a height as measured from an upper-
most surface of one or both of light folding elements 141,
142 and/or lens stack 114 to the image plane 121) to less than
9 mm. The lens system 110 includes a lens stack 114
including multiple refractive lens elements mounted in a
lens barrel 112, and an aperture stop 130 located at or in
front of a first lens element in the stack 114 in the embodi-
ment illustrated (or between the first and second lens ele-
ments, in alternative embodiments). The first light folding
element 141 is a prism that redirects light from an object
field from a first axis (AX 1) to the lens system 110 on a
second axis (AX 2). The lens elements in the lens stack 114
receive the light through the aperture stop 130 and refract the
light to a second light folding element 142, which can be
another prism or a mirror that redirects the light onto a third
axis (AX 3) on which a photosensor 120 of the camera 100
is disposed. The redirected light forms an image at an image
plane 121 at or near the surface of the photosensor 120. In
some embodiments, the photosensor 120 may correspond to
a1l pm 12 megapixel (12 M) sensor or a 1 um 8 megapixel
(8 M) sensor.

[0047] The shapes, materials, and arrangements of the
refractive lens elements in the lens stack 114 may be selected
to capture high resolution, high quality images. The camera
100 may, but does not necessarily, include an infrared (IR)
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filter 150, for example located between the second light
folding element 142 and the photosensor 120 as depicted in
the example of FIG. 1A.

[0048] FIG. 1B illustrates movements of the lens system
110 independently of and relative to the light folding ele-
ments 141 and 142 in a camera 100 as illustrated in FIG. 1A,
according to some embodiments. While FIG. 1B illustrates
an embodiment in which the second light folding element
142 is a prism, the second light folding element 142 may be
a mirror in alternative embodiments. In some embodiments,
the camera 100 may include an actuator 160 component or
components (see FIG. 1A) configured to move the lens
system 110 on (parallel to) the second axis (AX 2) relative
to and independently of the light folding elements 141 and
142 to provide autofocus functionality for the camera 100.
In some embodiments, the actuator 160 component(s) may
instead or also be configured to move the lens system 110 on
one or more axes orthogonal to the second axis (AX 2)
relative to and independently of the light folding elements
141 and 142 to provide optical image stabilization (OIS)
functionality for the camera 100. While not shown, in some
embodiments, one or both of the light folding elements 141
and 142 may be translated with respect to the second axis
(AX 2) independently of the lens system 110 and/or tilted
with respect to the second axis (AX 2) independently of the
lens system 110, for example to provide OIS functionality
for the camera 100 or to shift the image formed at an image
plane 121 at the photosensor 120.

[0049] Embodiments of a “long-tele” (e.g., 5x zoom)
design for a lens system for a folded camera as described
herein “naturally” have a long back focal length (the dis-
tance from the last refractive lens element to the image
plane) that is sufficient to provide space for either a second
prism or a mirror to be used as a second light folding
element. In addition, arrangements of power distribution,
lens shapes, prism form factors, and lens materials may be
selected to ensure that embodiments of the lens system
provide low F-number (e.g., <=3.5, or in a range of 2.8 to
3.5), 4-6x optical zoom, a field-of-view (FOV) in a range of
14° to 24° (or in a range of 15° to 24°), and high resolution
imaging. Further, compared to a 3x-3.5x “mid-zoom tele”
design, the “long-zoom tele” design of the present disclosure
(4-6x optical zoom) has a larger gap between lens and
mirror/prism. Accordingly, in some embodiments, a five-
part (5P) lens design having 5 lens elements may be imple-
mented to shorten the optical total track length (TTL) (and
thus shorten physical system length), as well as being
configured for high image quality. The optical TTL is a
distance from the vertex of the surface of the first lens
element to the center of the 45° surface of the second prism
(or mirror), and then extending down to the image plane. In
some embodiments, a length from a front edge of the first
folding element 141 to a back edge of the second folding
element 142 may be less than 40 mm.

[0050] Embodiments of the folded camera as described
herein may be implemented in a small package size while
still capturing sharp, high-resolution images, making
embodiments of the camera suitable for use in small and/or
mobile multipurpose devices such as cell phones, smart-
phones, pad or tablet computing devices, laptop, netbook,
notebook, subnotebook, and ultrabook computers, and so
on. FIGS. 19A-C and 20 illustrate example devices that may
include one or more small form factor cameras that use
embodiments of the camera as described herein. However,
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note that aspects of the camera (e.g., the lens system, prisms,
and photosensor) may be scaled up or down to provide
cameras with larger or smaller package sizes. In addition,
embodiments of the camera may be implemented as stand-
alone digital cameras. In addition to still (single frame
capture) camera applications, embodiments of the camera
may be adapted for use in video camera applications.
[0051] FIG. 2 is a cross-sectional illustration of a first
example of a folded camera having four refractive lens
elements in the lens system and a prism as the second light
folding element, according to some embodiments. FIG. 2
shows an example camera 200 including two prisms 241 and
242 that “fold” the optical axis of the camera 200 and an
example embodiment of a lens system 210 with four refrac-
tive lens elements 201-204 located between the prisms 241
and 242. Both of the prisms 241 and 242 have refractive
indexes satistying Nd>1.5. The lens elements 201-204 are
mounted in a lens barrel 212, with an aperture stop 230
located at or in front of the first (object side) lens element
201 in the embodiment depicted in FIG. 2 (or between the
first and second lens elements 201, 202 in alternative
embodiments). The first prism 241 folds the optical axis
from a first axis (AX 1) that is parallel to the incoming light
direction to a second axis (AX 2) that is orthogonal to the
incoming light direction. The second prism 242 folds the
optical axis from the second axis (AX 2) that is orthogonal
to the incoming light direction to a third axis (AX 3) that is
parallel to the incoming light direction.

[0052] The camera 200 also includes a photosensor 220,
and may also include an optional infrared (IR) filter 250. A
camera 200 including an embodiment of the lens system 210
as illustrated in FIG. 2 may, for example, be implemented in
portable electronic devices such as mobile phones and
tablets. Embodiments of the lens system 210 may provide a
low F-number (<=3.5, such as in a range of 2.8 t0 3.5), 4~6x%
optical zoom, and high resolution imaging.

[0053] Insomeembodiments, the camera 200 may include
an actuator 260 component or components configured to
move the lens system 210 on (parallel to) the second axis
(AX 2) relative to and independently of the prisms 241 and
242 to provide autofocus functionality for the camera 200.
In some embodiments, the actuator 260 component(s) may
instead or also be configured to move the lens system 210 on
one or more axes orthogonal to the second axis (AX 2)
relative to and independently of the prisms 241 and 242 to
provide optical image stabilization (OIS) functionality for
the camera 200. Various types of mechanical, magnetic, or
other actuator technology may be used in various embodi-
ments. In some embodiments, one or both of the prisms 241
and 242 may be translated with respect to the second axis
(AX 2) independently of the lens system 210 and/or tilted
with respect to the second axis (AX 2) independently of the
lens system 210, for example to provide OIS functionality
for the camera 210 or to shift the image formed at an image
plane 221 at the photosensor 220.

[0054] As shown in the example of FIG. 2, embodiments
of the lens system 210 may include four lens elements
201-204 with refractive power. Note, however, that some
embodiments may include more or fewer refractive lens
elements. Some embodiments, the combination of the two
light folding elements and the lens system 210 may provide
a 35 mm equivalent focal length in the range of 85-160 mm
(or in a range of 90-160 mm), and less than 9 mm of
Z-height to fit in a wide variety of portable electronics
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devices. With proper arrangement of materials and lens
powers, embodiments of the lens system 210 are capable of
capturing high brightness photographs or video frames with
near diffraction-limited image quality. In a particular
embodiment for a 5x zoom design, the lens system 210 may
provide a 35 mm equivalent focal length of approximately
130 mm and an F-value that is less than 3.5. In this example
embodiment, the sensor 220 may be a 12 megapixel (12 M)
sensor.

[0055] As illustrated in the example camera 200 of FIG. 2,
the lens system 210 may include four lens elements 201-204
with refractive power, in order from the object side to the
image side of the camera 200. A first lens element 201 has
positive refractive power for converging light and an
aspheric shape to correct spherical aberration, with an Abbe
number vd that is greater than 50. A second lens element 202
has negative refractive power and a meniscus shape to
correct field curvature, having an Abbe number vd that is
less than 30. A third lens element 203 has a meniscus shape
and has a concave object-side surface in a paraxial region
and a convex image-side surface in the paraxial region. A
focal length (f3) of the third lens element 203 and a focal
length (f) of the optical system satisfies the relationship of
1f/£31<0.4. A fourth lens element 204 has a meniscus shape.
At least one of the refractive lens elements may be formed
of lightweight polymer or plastic material. An aperture stop
230 may be located in the lens system 210 at the first lens
element 201 (or between the first and second lens elements
201, 202 in alternative embodiments) for controlling the
brightness of the camera 200. Note that the power order,
shape, or other optical characteristics of the refractive lens
elements may be different in some embodiments, and some
embodiments may include more or fewer refractive lens
elements. The four refractive lens elements 201-204 stack to
secure the required long-telephoto lens FOV, enabling the
optical zoom when pairing with a wide-angle lens, while
being configured properly in lens materials and power
configurations for correcting aberrations.

[0056] In some embodiments, the camera 200 includes
two right-angle prisms 241 and 242 to change the direction
of the light passing through the camera 200. In some
embodiments, one or both of the prisms may be shifted or
tilted relative to the position of the lens system 210 to
provide autofocus and/or OIS functionality for the camera
200. In some embodiments, the aperture stop 230 is inte-
grated in the lens system 210 to control brightness in the
camera 200. Integrating the stop 230 in the lens system 210
enables the lens system 210 to be isolated from and moved
independently with relation to the prisms 241 and 242. In
some embodiments, the aperture stop 230 may be fixed; the
diameter of the stop 230 may be chosen according to system
requirements. However, in some embodiments, the aperture
stop may be adjustable.

[0057] In some embodiments, the camera 200 includes an
IR filter 250, for example located between the second prism
242 and photosensor 220 as depicted in FIG. 2, to reduce or
eliminate interference of environmental noises on the sensor
220.

[0058] Camera 200 Z-height is sensitive to barrel 212
diameter. In some embodiments, to provide a desired
Z-height for a particular camera 200 application, the struc-
ture of the barrel 212 may be modified. For example, in
various embodiments of a camera 200, the barrel 212 may
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be truncated, may be tapered, may be single-sided, and/or
may have a reverse assembly structure.

[0059] FIG. 3 is a diagram illustrating a first example of a
lens system that includes four refractive lens elements to be
positioned between a first light folding element (a first
prism) and a second light folding element (a second prism),
according to some embodiments. A camera 300 may include
a photosensor 320, two light folding elements (e.g., prisms
341 and 342), and an independent lens system 310 located
between the two prisms 341 and 342 that includes an
aperture stop 330 and lens elements with refractive power to
be mounted in a lens barrel (not shown in FIG. 3, see FIG.
2). The two prisms 341 and 342 provide a “folded” optical
axis for the camera 300, for example to reduce the Z-height
of'the camera 300. The lens system 310 includes an aperture
stop 330 to control system brightness while maintaining an
integrated lens system that is independent of the two prisms
341 and 342. The camera 300 may, but does not necessarily,
include an infrared (IR) filter 350, for example located
between the second prism 342 and the photosensor 320 as
depicted in FIG. 3.

[0060] The example lens system 310 shown in FIG. 3
includes a lens stack having four refractive elements 301-
304 that provide a low F-number (<=F/3.5, such as in a
range of 2.8 to 3.5), 4~6x optical zoom, and high resolution
imaging. Lens element 301 has positive refractive power for
converging light and an aspheric shape to correct spherical
aberration, having an Abbe number that is greater than 50.
Lens element 302 has negative refractive power and a
meniscus shape to correct field curvature, having an Abbe
number that is less than 30. Lens element 303 has a meniscus
shape and has a concave object-side surface in a paraxial
region and a convex image-side surface in the paraxial
region. Lens element 304 has a meniscus shape.

[0061] In some embodiments, the lens system 310 may be
shifted along AX 2 independently of the two prisms 341 and
342 to allow refocusing of the lens system 310 between
Infinity conjugate and Macro (e.g., one meter) conjugate. In
some embodiments, the lens system 310 may be shifted on
one or more axes orthogonal to AX 2 to provide OIS
functionality for the camera 300. In various embodiments,
lens elements 301, 302, 303, and/or 304 may be round/
circular or rectangular, or some other shape. Note that in
various embodiments, a lens system 310 may include more
or fewer refractive lens elements, and the lens elements may
be configured or arranged differently.

[0062] In some embodiments, one or both of the prisms
341 and 342 may be shifted independently of the lens system
310 along one or more axes by a mechanical actuator
mechanism to facilitate autofocus functionality for the lens
system 310 between Infinity conjugate and Macro (e.g., one
meter) conjugate. In some embodiments, one or both of the
prisms 341 and 342 may be translated with respect to the
second axis (AX 2) independently of the lens system 310
and/or tilted with respect to the second axis (AX 2) inde-
pendently of the lens system 310 by a mechanical actuator
mechanism, for example to provide OIS functionality for the
camera 300 or to shift the image formed at an image plane
321 at the photosensor 320.

[0063] FIG. 4A is a graph illustrating a modulation trans-
fer function (MTF) for a lens system 310 as illustrated in
FIG. 3 at infinity conjugate. FIG. 4B shows longitudinal
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spherical aberration, astigmatic field curves, and distortion
for a lens system 310 as illustrated in FIG. 3 at infinity
conjugate.

[0064] FIG. 5A is a graph illustrating a modulation trans-
fer function (MTF) for a lens system 310 as illustrated in
FIG. 3 at macro (e.g., one meter) conjugate. FIG. 5B shows
longitudinal spherical aberration, astigmatic field curves,
and distortion for a lens system 310 as illustrated in FIG. 3
at macro (e.g., one meter) conjugate.

[0065] FIG. 6 is a cross-sectional illustration of a second
example of a folded camera having four refractive lens
elements in the lens system, according to some embodi-
ments. FIG. 6 shows an example camera 600 including a
prism 641 and a mirror 642 that “fold” the optical axis of the
camera 600 and an example embodiment of a lens system
610 with four refractive lens elements 601-604 located
between the prism 641 and the mirror 642. The prism 641
has a refractive index satisfying Nd>1.5. The lens elements
601-604 are mounted in a lens barrel 612, with an aperture
stop 630 located at or in front of the first (object side) lens
element 601 (or between the first and second lens elements
601,602 in alternative embodiments). The prism 641 folds
the optical axis from a first axis (AX 1) that is parallel to the
incoming light direction to a second axis (AX 2) that is
orthogonal to the incoming light direction. The mirror 642
folds the optical axis from the second axis (AX 2) that is
orthogonal to the incoming light direction to a third axis (AX
3) that is parallel to the incoming light direction.

[0066] The camera 600 also includes a photosensor 620,
and may also include an optional infrared (IR) filter 650. A
camera 600 including an embodiment of the lens system 610
as illustrated in FIG. 6 may, for example, be implemented in
portable electronic devices such as mobile phones and
tablets. Embodiments of the lens system 610 may provide a
low F-number (<=3.5, such as in a range of 2.8 to 3.5), 4~6x
optical zoom, and high resolution imaging.

[0067] Insomeembodiments, the camera 600 may include
an actuator 660 component or components configured to
move the lens system 610 on (parallel to) the second axis
(AX 2) relative to and independently of the prism 641 and
the mirror 642 to provide autofocus functionality for the
camera 600. In some embodiments, the actuator 660 com-
ponent(s) may instead or also be configured to move the lens
system 610 on one or more axes orthogonal to the second
axis (AX 2) relative to and independently of the prism 641
and the mirror 642 to provide optical image stabilization
(OIS) functionality for the camera 600. Various types of
mechanical, magnetic, or other actuator technology may be
used in various embodiments. In some embodiments, one or
both of the prism 641 and the mirror 642 may be translated
with respect to the second axis (AX 2) independently of the
lens system 610 and/or tilted with respect to the second axis
(AX 2) independently of the lens system 610, for example
to provide OIS functionality for the camera 600 or to shift
the image formed at an image plane 621 at the photosensor
620.

[0068] As shown in the example of FIG. 6, embodiments
of the lens system 610 may include four lens elements
601-604 with refractive power. Note, however, that some
embodiments may include more or fewer refractive lens
elements. In some embodiments, the combination of the two
light folding elements and the lens system 610 may provide
a 35 mm equivalent focal length in the range of 85-160 mm
(or in a range of 90-160 mm) and less than 9 mm of Z-height
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to fit in a wide variety of portable electronics devices. With
proper arrangement of materials and lens powers, embodi-
ments of the lens system 610 are capable of capturing high
brightness photographs or video frames with near diffrac-
tion-limited image quality. In a particular embodiment for a
6x zoom design, the lens system 610 may provide a 35 mm
equivalent focal length of approximately 156 mm and an
F-value that is less than 3.5. In this example embodiment,
the sensor 620 may be an 8 megapixel (8 M) sensor.

[0069] As illustrated in the example camera 600 of FIG. 6,
the lens system 610 may include four lens elements 601-604
with refractive power, in order from the object side to the
image side of the camera 600. A first lens element 601 has
positive refractive power for converging light and an
aspheric shape to correct spherical aberration, with an Abbe
number vd that is greater than 50. A second lens element 602
has negative refractive power and a meniscus shape to
correct field curvature, with an Abbe number vd that is less
than 30. A third lens element 603 has a meniscus shape and
has a concave object-side surface in a paraxial region and a
convex image-side surface in the paraxial region. A focal
length (f3) of the third lens element 603 and a focal length
() of the optical system satisfies the relationship of 1f/f31<0.
8. A fourth lens element 604 has refractive power. At least
one of the refractive lens elements may be formed of
lightweight polymer or plastic material. An aperture stop
630 may be located in the lens system 610 at the first lens
element 601 (or between